Mucopolysaccharidoses (MPS) are a group of lysosomal storage disorders (LSDs) caused by a deficiency of lysosomal enzymes, leading to a wide range of various clinical symptoms depending upon the type of MPS or its severity. Enzyme replacement therapy (ERT), hematopoietic stem cell transplantation (HSCT), substrate reduction therapy (SRT), and various surgical procedures are currently available for patients with MPS. However, there is no curative treatment for this group of disorders. Gene therapy should be a one-time permanent therapy, repairing the cause of enzyme deficiency. Preclinical studies of gene therapy for MPS have been developed over the past three decades. Currently, clinical trials of gene therapy for some types of MPS are ongoing in the United States, some European countries, and Australia.
Introduction
Mucopolysaccharidoses (MPS) are a group of lysosomal storage disorders (LSDs) caused by a deficiency of lysosomal enzymes and subsequent accumulation of undegraded glycosaminoglycans (GAGs) in multiple tissues and organs. Seven types of MPS are classified based on a deficiency of particular enzyme and show various symptoms including coarse face, central nervous system (CNS) impairment, hearing loss, respiratory compromise, valvular heart disease, hepatosplenomegaly, skeletal dysplasia, and gait abnormality [1] . If untreated, patients often die within a couple of decades.
Enzyme replacement therapy (ERT), hematopoietic stem cell transplantation (HSCT), substrate reduction therapy (SRT), and various surgical interventions including adenotonsillectomy, spinal cord decompression/fusion, hip reconstruction or replacement, osteotomy, 8-plate knee surgery, etc. are currently available for patients with MPS in clinical practice. Conventional intravenous ERT results in partial improvement in soft tissues and activity of daily living (ADL) of patients with MPS I, II, IVA, VI, or VII; however, ERT has very limited impact on avascular lesions in bone and cartilage or the CNS because the native enzyme does not cross the blood-brain barrier (BBB). HSCT is a standard of care for patients with MPS I under 2 years of age or without CNS impairment and provides therapeutic effect in patients with MPS II, IVA, VI, and VII especially if treated at an early stage [2] [3] [4] [5] [6] [7] . Although ERT and HSCT have some advantages to slow progression of the disease for MPS, there are several limitations of ERT: i) requiring weekly injection, ii) short circulation of the drug in blood, iii) high cost, and iv) limited penetration to bone and CNS lesions [8] [9] [10] [11] . HSCT is promising and far more cost-effective compared with ERT [12, 13] ; however, this cell-based therapy may not be applicable to all patients because of the (Table 1) . Gene therapy is a promising approach for treating a genetic disorder such as MPS and has been under investigation for the last three decades. It should provide a one-time permanent treatment since the active enzyme is released from transduced cells consistently, as observed in HSCT. However, initial approaches using retroviral vectors failed because of shortterm gene expression and adverse effects. The approval of gene therapy products in China [20] , Russia [21] , and Europe [22] , has brought new hopes into the gene therapy field. Recently, the Food and Drug Administration (FDA) approved the first gene therapy available in the United States, for certain patients with a form of acute lymphoblastic leukemia [23] . At present, the two main approaches to gene therapy are: 1) in vivo gene therapy, in which a virus carrying the therapeutic gene is injected intravenously or locally, and the gene is delivered into somatic cells of the patients; and 2) ex vivo gene therapy, in which the gene is transduced into somatic cells derived from the patient and then transplanted back into the recipient (Fig. 1 ). For in vivo gene therapy, the genes are mainly transfected by using different viral vector systems, including retroviral, lentiviral, adenoviral, and adeno-associated virus (AAV)-based vectors, as well as non-viral vectors. For ex vivo gene therapy, gammaretrovirus (hereafter retrovirus) and lentiviral vectors are mainly used to transduce the genes of the lysosomal enzyme into recipient's cells such as bone marrow, myoblast, and fibroblast cells. These transduced cells are amplified in the laboratory and then transplanted into recipient's body using standard procedures, as developed for bone marrow transplantation. Many preclinical studies of in vivo or ex vivo gene therapy for MPS have been reported using rodents and large animal models.
Recombinant AAV (rAAV) vectors are useful tools for gene therapy to treat MPS since the AAV vectors efficiently infect different cell types, persist as episomes, and have a low risk of insertional mutagenesis and genotoxicity [24] . Currently, rAAV is the most frequently used virus vector in ongoing clinical trials of gene therapy for MPS. Various AAV serotypes have been identified from human and non-human primate, and AAV tropism is dependent on its serotype since AAV entry is determined by interaction between the virus capsid proteins and its specific receptor on the cell surface. This unique feature of AAV serotypes has potential to deliver enzymes to specific organs or areas such as CNS by receptor-mediated transcytosis across the endothelium of BBB [25] . rAAV gene delivery to targeted tissue depends on the administration route, and intraparenchymal (IP), intra-cerebrospinal fluid (CSF) and intravenous (IV) injection are available for AAV-mediated gene therapy in clinical trials of patients with MPS (Table 1) .
In this review, we summarize recent studies of gene therapy for MPS in preclinical studies using animal models and AAV-derived vectors, and the current situation of ongoing clinical trials.
2. Pre-clinical study of gene therapy for MPS
Types of virus vectors
Several viruses are suitable tools for gene transfer in pre-clinical studies and clinical practice since they have high transduction efficiencies in a broad range of human cells. Viral vectors are mainly originated from retroviruses, lentiviruses, adenoviruses, and AAVs. Retrovirus vectors can infect and integrate into host genomes in dividing targeted cells such as hematopoietic cells. The introduced gene is transmitted and expressed for a long time in daughter cells. However, the integration could potentially activate an oncogene or inactivate a tumor suppressor gene, leading to promotion of tumorigenesis in targeted cells [26, 27] . Lentivirus vectors that are based on human immunodeficiency virus-1 (HIV-1) are more feasible and effective. Lentivirus vectors integrate into the host genome and provide stable gene expression. Unlike retrovirus vectors, lentivirus vectors can mediate stable gene transfer into not only dividing cells such as hematopoietic stem cells, but also non-dividing cells such as nerve cells [28, 29] . Adenovirus vectors can also allow gene transfer into both dividing cells and non-dividing cells and show high expression levels of the gene. However, the expression is transient since this virus vector is not inserted into the host chromosome. This vector is not associated with a risk of germline infection and mutagenesis [30, 31] . The disadvantages of adenovirus vectors include adaptive immune response and cellular toxicity, which limit their application for gene therapy. Some preclinical studies using adenovirus vectors have been reported, and IV administration of this virus vector showed a positive impact on multiple tissues including skeletal and CNS lesions in an MPS VII model mouse [32] [33] [34] . Currently, there are no ongoing clinical trials of adenovirus vector for gene therapy for MPS due to adverse effects.
Adeno-associated viruses are small, replication-defective, non-pathogenic and non-enveloped viruses. These viruses require a so-called helper virus such as adenovirus or herpesvirus to replicate. Since the AAV vector is infected in cells and persists as an episome, there is a low risk of insertional mutagenesis and genotoxicity [24] , critical concerns for lentivirus and retrovirus vectors. However, a small percentage of rAAV can integrate into host chromosomal sequences, and insertional mutagenesis has resulted in human hepatocellular carcinoma after rAAV gene therapy [35] [36] [37] . The AAV vector can transduce a wide range of non-dividing and dividing cells. Notably, the AAV vector provides a long-term transgene expression when non-dividing cells are infected. Because the AAV vector has stability, long-term expression, and low immunogenicity, it is currently the most popular virus tool in gene therapy for MPS fields. However, the AAV vector has a limitation of delayed expression in transduced cells. It takes 1 or 2 weeks to achieve expression at peak since AAV is a single strand (ss) DNA and requires second strand synthesis or annealing for gene expression [38] . The primary limitation of rAAV vectors is that they can package a maximum of 4.7 kb of exogenous DNA. The efficiency of rAAV vector gene delivery can be significantly enhanced by creating self-complementary (sc) AAV vectors, which package both DNA strands as a single, inverted repeat molecule that folds into double-stranded DNA immediately after uncoating in the cell. This allows a rapid and more efficient (5-20 fold) transduction compared to conventional ssAAV vector because it bypasses the requirement for DNA synthesis to convert the single-stranded vector genome into active double-stranded DNA. However, the small packaging capacity of the scAAV remains a limitation for clinical application of gene therapy because the complementary strand halves the size of gene that can be inserted to about 2.3 kb [39, 40] .
AAV serotypes
AAV has significant advantages over other viral vectors in the application for gene therapy since AAV shows non-pathogenicity in humans and provides long-lasting transgene expression. Various AAV serotypes (AAV1 to AAV13) and more than one hundred variants of AAVs have been identified from human and non-human primates to date [41, 42] . AAV serotypes are defined by capsid protein motifs, which are recognized by neutralizing antibodies. Cell surface glycans interact with exposed capsid regions of AAV and work as primary AAV receptor. AAV serotypes 1, 5, and 6 bind to α2,3/α2,6 N-linked sialic acid (SA) [43, 44] . AAV serotypes 2, 3, and 6 bind to heparan sulfate proteoglycans (HSPG) [45, 46] . AAV serotype 4 binds to α2,3/α2,6 Olinked SA [47] , and AAV serotype 9 requires N-linked galactose residues [48, 49] . Primary receptors for AAV8 and AAVrh 10 remain unknown, but the 37/67-kDa laminin receptor has been reported to act as a co-receptor for AAV8 entry [50] . This difference of interaction between each AAV serotype and its receptor is critical to determine tissue tropisms of each serotype. Understanding the tissue tropism of each AAV serotype in an animal model is required to select appropriate AAV serotype for specific gene therapy application before starting clinical trials. Zincarelli et al. examined transgene expression and biodistribution of AAV 1-9 in mice after IV injection of AAV containing the cytomegalovirus driven luciferase transgene and assessed primary and secondary viral targets [51] . Bioluminescence imaging studies categorized different groups based on transduction levels of AAVs: i) high expression groups -AAV 7 and 9, ii) moderate expression groups -AAV 1, 6, and 8, and iii) low expression groups -AAV 2, 3, 4, and 5. In addition, this study showed two classes of AAV kinetics including rapidonset, AAV 1, 6, 7, 8, and 9 and slow-onset, AAV 2, 3, 4, and 5. Luciferase protein expression profile after administration of AAV 1-9 serotypes demonstrated that liver is the primary target of AAV serotypes 1, 2, 5, 6, 7, and 9. AAV serotypes 3 and 4 have low transduction efficiency in the liver; however, these serotypes have a specific tropism for the heart. This study also showed that AAV serotype 9 has the most robust tissue expression, and only AAV serotypes 8 and 9 provided luciferase protein expression in brain after IV administration.
Targeting strategy to CNS and bone
ERT has no impact in some types of MPS which are characterized by CNS disorders because the mature BBB efficiently blocks enzyme diffusion to CNS lesions. Recombinant AAV also has difficulty penetrating the BBB, so that expression of the active enzyme into CNS lesions is limited. Different delivery routes of rAAV vectors to CNS lesions have been studied. Intraparenchymal administration of rAAV has a robust impact locally on CNS lesions and is useful for neurological disorders, characterized by local lesions such as Parkinson's disease. IP administration of rAAV reduced storage materials and improved behavioral deficits in mouse models of MPS I [52] , MPS IIIA [53, 54] , MPS IIIB [55, 56] , and MPS VII [57] [58] [59] [60] [61] . A single-gene defect disease such as lysosomal diseases needs systemic, widespread gene transduction including the brain and spinal cord [62] . Thus, the IP administration is impractical in clinical practice, and development of less invasive delivery system of gene vectors is required for patients with MPS. Intrathecal (IT) or IV administration of rAAV9 is a less invasive systemic delivery method that efficiently transduces genes into multiple tissues, including the CNS. Delivery of various rAAV serotypes to CNS lesions via CSF administration in a large animal has been studied [63] [64] [65] . These studies show that rAAV9 has high transduction efficiency in widespread CNS lesions including the spinal cord. Zhang et al. showed that gene transfer efficiency using rAAV9 was superior to rAAV 1, 6, 7, and 8 and that rAAV9 resulted in widespread neural transduction of neonatal mice after IV injection [66] . Transduction efficiency of rAAV 2 and 5 into CNS lesions was considerably lower than other rAAVs.
Delivery of sufficient enzyme into avascular bone and cartilage lesions also remains an unmet challenge for gene therapy. We showed that the insertion of an aspartic acid octapeptide (D8) into the C-terminus of tissue-nonspecific alkaline phosphatase [67] , the N-terminus of β-glucuronidase [68] and N-acetylgalactosamine-6-sulfatase (GALNS) [69] significantly increases delivery of the enzymes to bone. We applied the same principle to engineer an AAV2 vector to target gene delivery to the bone (Fig. 2) . To increase the vector affinity for hydroxyapatite (HA), we inserted D8 immediately after the N-terminal region of the VP2 capsid protein. The modified vector was generated with physical titers and transduction efficiencies comparable to the unmodified vector. The bone-targeting vector had significantly higher HA affinity and vector genome copies in bone compared with the unmodified vector. The modified vector was released from HA, and its enzyme activity in bone two-weeks p.i. was 8.7-fold higher than in mice treated with unmodified vector [10, 70] . Immunohistochemistry analysis of the in vivo transduction experiment showed that the modified AAV2 vector increased expression of the GALNS gene and its enzyme activity in the bone of MPS IVA knock-out mice. Therefore, bone-targeting gene therapy with a modified AAV could be a novel therapy for skeletal dysplasia in MPS.
AAV-mediated in vivo studies using animal models of MPS
AAV2 was the most common serotype studied during the early development of AAV vectors. However, rAAV2 shows poor transduction K. Sawamoto et al.
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efficiency compared with other rAAVs. Recently, it has been shown that rAAV8 and 9 are more efficiently transduced into CNS lesions after IT or IV administration [51, 64, 66, [71] [72] [73] [74] [75] . In this section, we summarized recent studies of rAAV-mediated gene therapy in animal models of each type of MPS. These studies led to the current ongoing and scheduled clinical trials of gene therapy in MPS. Pre-existing immunity to AAV is a major problem for clinical translation, although the immune response against AAV8 or AAV9 is less common than for AAV2 serotype [76] [77] [78] [79] . However, pre-existing neutralizing antibodies to AAV8 at low level provide a negative impact on gene transfer to liver and therapeutic efficacy in skeletal lesions in a MPS VI cat model [80] . Previous studies showed pre-existing neutralizing antibodies to AAV8 were undetectable in 58% patients of MPS VI investigated for gene therapy [81] . Almost half of the general human population has anti-AAV9 antibody at some level [79] . After a single systemic gene delivery of rAAV9 in non-human primates, pre-existing anti-AAV9 antibody at low level did not diminish vector transduction. However, high level pre-existing anti-AAV9 antibody leds to the reduction of vector transduction in somatic tissues, but had less impact on transduction in the CNS, indicating that CNS entry is less sensitive to pre-existing anti-AAV9 antibody [82] . These studies led to use of AAV antibody titer as a criterion of MPS patient eligibility to enter clinical trials of gene therapy.
MPS I
Hinderer et al. reported IT AAV9 gene therapy that improved CNS pathology in a feline model of MPS I [83] . In this study, MPS I cats were intrathecally administrated at 4-7 months of age with 10 12 GC/kg AAV9 vector expressing normal feline α-L-iduronidase (IDUA) and followed for 6 months. After vector administration, IDUA activity was detectable in various parts of the brain and spinal cord, while no enzyme activity was detected in the same tissues of untreated MPS I cats. This AAV9 administration reduced the accumulation of ganglioside GM3 in the brain and also reduced accumulation of GAGs in the somatic tissues such as liver, spleen, heart, and lung. However, antibodies were produced against the expressed IDUA, potentially reducing efficacy of treatment. This group also reported that the IT administration of IDUA gene using an AAV9 vector improved the CNS pathology in a MPS I canine model of MPS I that was immunologically tolerant to human IDUA [84] . This study was conducted to investigate the efficacy of the AAV9 expressing human IDUA and to estimate the minimum efficacy dose for clinical trials of MPS I. After IT injection of different dose of the AAV9 vector (i.e., 10 10 , 10 11 , and 10 12 GC/kg), the IDUA activity was dose-dependent elevated in the CSF and maintained above the enzyme activity in normal dogs at high dose (10 12 GC/kg) during the 6-month study. Immunohistochemistry showed that the accumulation of GAG and GM3 was reduced in a dose-dependent manner and that there was also a decrease in the brain lesions of the MPS I canine model. Even the lowest dose used (10 10 GC/kg), showed some efficacy, which is approximately equivalent to 6.2 × 10 11 GC in adult humans [84] . Ellinwood et al. showed direct injection of AAV5 vector into the brain of two dog models of MPS, providing critical information on reproducibility, tolerance, appropriate vector type and dosage and optimal age for the AAV5 gene therapy in large animals to support clinical application [85] . Moreover, Vance et al. evaluated AAV8/9 chimeric capsid in in vitro study of human cornea. This study showed that AAV8/9 provided the efficient transduction and no significant apoptosis in the affected cells [86] .
MPS II
Motas et al. reported that intracisternal (ICS) gene therapy corrected neurological and systemic symptoms in an MPS II model mouse, which had a deficiency of lysosomal enzyme iduronate-2-sulfatase (IDS) [87] . MPS II mice, with already progressive disease, were treated with 5 × 10 10 vector genomes of an AAV9 vector encoding murine IDS. Four months after gene delivery, GAG accumulation in CNS lesions was significantly reduced in treated mice. ICS gene delivery of the AAV9 vector decreased GAG accumulation not only in CNS lesions but also in somatic tissues such as liver, spleen heart, kidney, and lung, indicating that circulating IDS cross-corrected non-transduced tissues. ICS AAV9 gene therapy also corrected behavioral deficits and prolonged survival of treated MPS II mice [87] . Hinderer et al. showed that ICV administration of an AAV9 vector carrying the human IDS gene improved the CNS pathology in 2 to 3-month-old MPS II mice [88] . After vector infusion, it was shown that the enzyme activity in brain lesions increased in a dose-dependent manner. Histological staining demonstrated that the accumulation of lysosomal storage materials such as and GM3 was decreased in the brain of the treated mice. Using a novel object recognition test, they also showed improvements in long-term memory in treated mice. GAG accumulation in the liver was also reduced, providing further evidence that gene therapy applied directly to the nervous system can crosscorrect deficiencies in somatic tissues. Laoharawee et al. also evaluated the effectiveness of AAV9 encoding human IDS after intracerebroventricular injection in a MPS II mouse model [89] . Low level of IDS activity in CNS lesions (7-40% of wild-type) was observed; however, GAG accumulation was reduced in brain, and neurologic deficits were improved in treated mice. Thus, these studies show that intra-CSF administration of AAV9 should be useful for preventing neurologic deterioration in patients with MPS II.
MPS IIIA and IIIB
Several studies have shown that systemic delivery of rAAV8 or rAAV9 containing the deficient gene cause elevation of lysosomal enzyme activity in CNS lesions and correction of disease progression in mouse models of MPS IIIA [90] [91] [92] [93] and MPS IIIB [82, [94] [95] [96] . Fu et al. showed that a single IV administration of a scAAV9 vector encoding human N-sulfoglucosamine sulfohydrolase (hSGSH) (5e 12 vg/kg) in an MPS IIIA model mouse significantly improved behavior performance and survival rate [93] Improvements were best when the vector was administered at an early stage of disease, but these phenotypes were also partially corrected when treatment was delayed until mice showed intermediate progression of disease. These results suggest that scAAV9-hSGSH vector may be clinically useful to reverse disease progression in patients with established MPS IIIA. This group also showed that IV administration of rAAV9 containing human α-N-acetylglucosaminidase (hNAGLU) corrected GAG accumulation in CNS and somatic tissues and provided long-term (> 18 months) neurological improvement in MPS IIIB model mouse [94] . An investigational new drug (IND)-enabling good laboratory practice (GLP)-compliant toxicology study demonstrated that injection of the rAAV9 did not provide adverse clinical events and chronic toxicity during a 6-month study [95] . Systemic rAAV8-mediated gene delivery also has been studied in MPS IIIA mouse models [90, 92] . Liver-targeting AAV8 [90] and AAV8 carrying engineered enzyme expressing specific brain targeting peptide [92] both corrected brain pathology in MPS IIIA mice. Direct injection of rAAV into multiple areas in brain lesions successfully increased enzyme activity, reduced storage materials and improved behavioral deficits in mouse models of MPS IIIA [53] and IIIB [85] . These preclinical studies provide the basis for ongoing or scheduled clinical trials of patients with MPS IIIA/B [97, 98] .
MPS VI
MPS VI is caused by a deficiency of arylsulfatase B (ARSB) and is characterized by hepatosplenomegaly, corneal clouding, heart valve disease, and skeletal abnormalities without CNS disorders. Intravascular high-dose administration of rAAV8 vector carrying ARSB with a liver-specific promoter into MPS VI cats and rats reduced GAG accumulation, resolved skeletal problems, and reduced heart valve thickness [99, 100] . In the feline model, urinary GAG levels and skeletal abnormalities were reduced in a dose-dependent manner. Treatment was less effective for cats with pre-existing neutralized antibodies to AAV8, indicating that pre-existing immunity to AAV8 should be considered before starting gene therapy in clinical practice [80] .
MPS VII
A single tail vein injection of rAAV9 vector expressing β-glucuronidase (GUSB) in an adult MPS VII model mouse led to systemic delivery of the gene vector in brain and other tissues. However, the AAV9 genome copies were lower in the CNS lesions than in other somatic tissues, and the treatment did not resolve storage lesions in different regions of the brain such as cortex, hippocampus, and striatum; and did not resolve the cognitive deficits. Survival rate was also not changed between treated and untreated MPS VII mice. Elevation of sialic acid in the brain of this disease model might inhibit transduction of the rAAV9 in CNS lesions [101] . Systemic administration of an epitope-modified AAV2 was superior to rAAV9 in resolving the CNS lesions of the MPS VII model [101] .
Gurda et al. compared IV injection and IT injection via cisterna magna of GUSB in the rAAV9 vector on an MPS VII canine model [102] . Dogs treated with a single systemic administration of rAAV9 vector carrying GUSB at 3 days of age resulted in higher levels of GUSB activity in CSF, but GAG accumulation was not significantly reduced. However, IT injection at 3 weeks of age significantly reduced GAG accumulation in CNS lesions of treated MPS VII model, indicating that IT injection may be more effective in resolving CNS lesions than IV injection.
Genome editing using zinc finger nuclease
Genome editing with zinc finger nuclease (ZFN) is innovative genetic engineering tool to modify DNA sequences. ZFN generate doublestrand breaks (DSB) at an appropriate position in the genome, and DSB is repaired through either non-homologous end joining or homologous recombination to restore the breakpoint. By using AAV8 vector delivery, ZFN-mediated site-specific insertion of a corrective gene at albumin locus provided robust expression of IDUA and IDS in a wild-type mouse [103] . Administration of AAV8 vector with albumin locus-targeting ZFN in hepatocyte induced enzyme expression of IDUA and IDS in liver and other tissues of MPS I and MPS II model mouse. This AAV8/ ZFNs treatment reduced cellular vacuolation by histological analysis, and heparan and dermatan sulfate levels were also decreased in the brain. Cognitive deficits were prevented after the treatment in both model mice [104] .
Clinical trials of gene therapy for MPS
Currently, clinical trials for some types of MPS are under way in the United States, some European countries, and Australia. Phase I/II clinical trials for MPS I, MPS II, MPS IIIA, MPS IIIB, and MPS VI are ongoing or are scheduled ( Table 1) . The AAV vector is most commonly used in clinical trials of gene therapy for MPS. The current status of gene therapy is described in this section.
MPS I
REGENXBIO has produced RGX-111, an AAV9 vector containing the gene IDUA for administered via IV infusion. An IND application is active, and plans to enroll patients for a dosing trial are set for the 1st half of 2018 [105] .
SB-318 has been developed by Sangamo Therapeutics, and a phase I clinical trial is currently underway (NCT02702115) [14] . This gene therapy trial uses an AAV6 vector that contains a zinc finger nuclease designed to use gene editing to insert a correct copy of the IDUA gene into the albumin locus for expression in hepatocytes [104] . This should lead to long-term secretion of normal IDUA. Only adult (18 + years old) attenuated MPS I patients, such as Hurler-Scheie, Scheie, and Hurler post-HSCT are being recruited. This is an ascending dose safety study using high, medium, and low doses of the vector for IV infusion. The primary outcome in this study is the assessment of adverse effects by this gene therapy. Secondary outcomes are urinary GAG levels and clearance of the AAV6 in plasma, saliva, urine, stool, and semen [14] .
MPS II
REGENXBIO has produced RGX-121, which consists of an AAV9 vector containing the human IDS gene. This is being administered by IT injection in preclinical testing. An IND application was planned for the 2nd half of 2017 [105] .
Sangamo Therapeutics has developed SB-913 which, like SB-318, contains ZFN in AAV6 for IV infusion. A phase I clinical trial is underway (NCT03041324) [15] . This trial is recruiting adult (18 + years old) attenuated MPS II patients. As for the SB-318 trial, three different doses (high, medium, and low) are primarily being evaluated for adverse effects of this gene therapy. Secondary outcomes are urinary total GAG, heparan sulfate (HS), and dermatan sulfate (DS) levels and clearance of the AAV6 in plasma, saliva, urine, stool, and semen up to 36 months after treatment [15] .
MPS IIIA
LYSOGENE developed SAF-301, which is AAV10 encoding hSGSH and SUMF1 for IC administration in phase I/II clinical trials (NCT01474343 and NCT02053064) [16, 17] . LYSOGENE recruited 4 MPS IIIA patients between 18 months and 6 years of age into each trial. The primary outcome was the assessment of the tolerance and safety. Secondary outcomes were data of brain function using MRIs and neurocognitive tests, and levels of biological markers in blood, urine, and CSF [16] . IC administration of 7.2 × 10 11 viral genomes/body of the AAV10 vector showed good tolerance and absence of adverse effect related to the product during one year of follow-up. Improvement of brain atrophy and behavior was also seen in some patients [98] . A longterm follow-up study for five years after the injection of SAF-301 was recently completed [17] . Abeona Therapeutics has produced ABO-102, which consists of scAAV9 encoding hSGSH with a U1a promoter administered for IV infusion. An open-label, dose-escalation phase I/II clinical trial is ongoing (NCT02716246) [18] . This trial is recruiting children and adult MPS IIIA patients 2 years of age or older. Patients are administered two different doses (5 × 10 12 or 1 × 10 13 vg/kg), and the primary outcome is an assessment of genotoxicity. Secondary outcomes are SGSH activity There are no reported serious adverse events (n = 6 through 1139 days follow-up) [106] . Esteve has developed EGT-101 that consists of AAV9 containing hSGSH and is proposed for ICV for treatment. They plan to enter phase I/II in the 1st quarter of 2018 [107] .
MPS IIIB
Abeona Therapeutics have produced ABO-101, which contains AAV9 with hNAGLU for administration via IV infusion. The U.S. FDA has approved the IND for phase I/II clinical trials [108] .
UniQure recently completed a phase I/II clinical trial with 4 children using rAAV2/5 containing NAGLU administered in 16 IP deposits, 4 in the cerebellum [99] . Tolerance to the virus, neurocognitive progression, brain volume, NAGLU enzymatic activity in CSF, and anti-NAGLU immune responses were measured over 2 years. 125 adverse events were recorded, and NAGLU activity 15-20% of that in unaffected children appeared in lumbar CSF.
MPS VI
Fondazione Telethon is developing a gene therapy that consists of an AAV8 encoding hARSB with liver-specific thyroxine-binding globulin (TBG) promoter in phase I/II clinical trial (NCT03173521) [19] . The trial currently recruits child and adult MPS VI patients from 4 to 65 years of age, who should have received ERT for at least 12 months before enrollment. Three different doses (2 × 10 11 , 6 × 10
11
, or 2 × 10 12 gc/kg) are being evaluated for primary outcomes of assessments of liver and kidney function and urinary GAG levels. Secondary outcomes are ARSB activity in leukocyte, 6-minute walk test (6MWT), 3-minute stair climb test (3MSCT), forced vital capacity (FVC), and forced expiratory volume at 1 min (FEV1) [19] .
Unmet challenge of viral vectors
The selection of a viral vector to deliver genetic material to human body results in some logistical issues. 1) The number of viral vectors available for therapeutic use is still limited. Maintaining therapeutic enzyme level is critically important for patients with MPS to prevent or improve clinical manifestations. However, there is limited information about the length of gene expression in MPS patients after AAV-mediated gene therapy. Murrey et al. showed that NAGLU activity was detected at 1.3-3 fold above endogenous levels in the brain after 6 months postinjection of single systemic administration of rAAV9 gene vector in nonhuman primates [82] . A recent clinical trial of MPS IIIB reported that CSF NAGLU activity was detected at 15-20% of that in unaffected children with MPS IIIB after 30 months treatment of IC rAAV5 gene therapy [99] . 2) Any viral vectors can lead to the possibility that the body will develop an immune response as a foreign body. Once an immune response and antibody for the viral vector are produced, the patient cannot be treated with the same viral vector effectively since it will be rejected by the body. If gene therapy fails for certain patients in a clinical trial, the same serotype of virus vector will not be used again in those patients in subsequent trials.
3) The probability of pre-existing immunity (antibody) against the viral vector increases with patient age, rendering the therapy ineffective. 4) There remains concern for genotoxicity despite the low percentage of rAAV integration [37] . Previous reports showed the incidence of hepatocellular carcinoma in mouse model of MPS VII after AAV-mediated gene therapy [35, 36] . The AAV vector dose, its constructs selection including promoter/enhancer, and the timing of administration can be all critical factors that could lead to hepatocellular carcinoma [37, 109] . 5) For CNS gene therapy, the appropriate administration method is not yet resolved. Several administrations including IV, IT, IC, or ICV injection are under investigation. 6) The price and commercialization of the approved therapies remain unclear.
Some shortcomings of viral vectors (such as genotoxicity and low transgenic expression) can be overcome through the use of different or hybrid vectors.
Conclusions
Currently, ERT and HSCT are available for patients with MPS. However, conventional ERT limits access to CNS and bone lesions while HSCT has some mortality risk. Gene therapy should be a one-time permanent treatment without an additional expensive cost and without high mortality and morbidity. AAV is the most popular virus in gene therapy for MPS, and AAV-mediated in vivo gene delivery is moving forward to clinical trials. However, there are still some problems to overcome such as vector selection, administration route, and immunogenicity as well as a restricted number of times that vectors can be administered to the body.
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